Pathogenic microbes can devastate populations of marine plants and animals. Yet, many sessile organisms such as seaweeds and sponges suffer remarkably low levels of microbial infection, despite lacking cell-based immune systems. Antimicrobial defenses of marine organisms are largely uncharacterized, although from a small number of studies it appears that chemical defenses may improve host resistance. In this study, we asked whether the common seaweed Lobophora variegata is chemically defended against potentially deleterious microorganisms. Using bioassayguided fractionation, we isolated and characterized a 22-membered cyclic lactone, lobophorolide (1), of presumed polyketide origin, with sub-M activity against pathogenic and saprophytic marine fungi. Deterrent concentrations of 1 were found in 46 of 51 samples collected from 10 locations in the Bahamas over a 4-year period. Lobophorolide (1) is structurally unprecedented, yet parts of the molecule are related to tolytoxin, the scytophycins, and the swinholides, macrolides previously isolated from terrestrial cyanobacteria and from marine sponges and gastropods. Until now, compounds of this structural class have not been associated with marine macrophytes. Our findings suggest that seaweeds use targeted antimicrobial chemical defense strategies and that secondary metabolites important in the ecological interactions between marine macroorganisms and microorganisms could be a promising source of novel bioactive compounds.
viruses, including pathogens that cause widespread mortalities and microbes that initiate fouling of host surfaces (1) . Thus, marine plants and animals are continually exposed to high concentrations of potentially harmful microbes. Microbial pathogens cause black band disease in stony corals (2) , Caribbean sea fan mortality (3), coralline lethal orange disease in coralline algae (4) , green spot rotting disease in the alga Porphyra (5), red spot disease in the kelp Laminaria (6) , and raisin disease in the brown alga Sargassum (7) , to name just a few. In the 1930s, a slime mold wasting disease eliminated almost all of the eelgrass Zostera marina on the Atlantic coasts of North America and Europe, with continuing negative effects on softsediment communities, waterfowl populations, and scallop fisheries (8, 9) . In the 1980s, an unidentified pathogen killed 95-99% of the herbivorous sea urchin Diadema antillarum throughout the Caribbean Sea; without these herbivores to control seaweeds, reef-building corals were rapidly overgrown (10) (11) (12) . Harvell and colleagues (13, 14) proposed that the frequency of disease among marine macroorganisms has increased in recent decades and may continue to increase, because of climate change and human activities that stress hosts, introduce pathogens to new areas, and provide microbes with favorable conditions for growth.
As these examples illustrate, epidemics caused by microbes are often host-specific, but the reasons some potential hosts are resistant to infection have yet to be determined. Marine organisms are also resistant to saprophytic microbes that selectively attack senescent tissues. Given that many organisms possess nutrient-rich surfaces lacking physical barriers to microbial degradation, the mechanism of resistance could be chemical. Because microbes are more widely distributed in seawater than in air, pressures from pathogenic, parasitic, saprophytic, and fouling microbes might be greater in marine environments, a circumstance that might be expected to select for potent antimicrobial defenses. The apparently infrequent, but devastating, nature of marine epidemics suggests that evolution of resistance traits may be episodic, with occasional elimination of most susceptible individuals resulting in selection for disease resistance over evolutionary time.
We hypothesize that chemical defense could be a widespread strategy used by marine macroorganisms to deter microbial infection. In support of this, Weinberger and Friedlander (15) found that the red alga Gracilaria conferta responds to the presence of epiphytic bacteria with a burst of hydrogen peroxide and other reactive oxygen species that kill bacteria. Kim and colleagues (16, 17) reported that crude extracts of some gorgonian corals inhibit growth and germination of the sea fan pathogen Aspergillus sydowii, although defensive metabolites were not identified. Gil-Turnes et al. (18) discovered that shrimp embryos are covered by a bacterium, Alteromonas sp., that produces the broad-spectrum antifungal compound isatin and that this compound protects the embryos from a pathogenic fungus Lagenidium callinectes. This relationship represents an associational defense (19) acquired by the shrimp via its symbiosis. Other prokaryotes, particularly cyanobacteria, have been the source of numerous antifungal metabolites (20) , which may provide competitive advantages to bacteria in their interactions with fungi.
In the course of exploring interactions between marine macroorganisms and microorganisms, we asked whether macroalgae, which lack cell-based inducible immune responses, enhance their fitness via chemical defenses against microbes. This hypothesis could explain why macroscopic algae are rarely infected, despite constant exposure to potentially deleterious microorganisms (e.g., ref. 7). Not surprisingly, those few diseases that are well understood affect commercially important seaweeds such as Porphyra, Laminaria, and Sargassum (21) . It is likely that the microbial challenge to other marine plants is as high as for harvested species, but poorly understood. In preliminary experiments surveying 55 species of Caribbean seaweeds for antimicrobial potential (M. Puglisi, P.R.J., J.K., and W.F., unpublished work), extracts from Lobophora variegata exhibited especially potent antifungal activity against two co-occurring and broadly distributed marine fungi, the pathogenic Ascomycete Lindra thalassiae and the saprophytic Deuteromycete Dendryphiella salina. This circumtropical brown alga dominates many Caribbean reefs, growing from near the surface to depths of 88 m (22) . Herein, we report the discovery of a compound responsible for its antifungal activity and present evidence that this compound provides L. variegata with an effective chemical defense against ecologically important microbes.
Materials and Methods
General Chemical Methods. Analytical HPLC and liquid chromatography (LC)-MS were performed with a Hewlett-Packard Series II 1100 liquid chromatograph with diode array UV detection and Agilent (Palo Alto, CA) 1100 electrospray ionization (ESI) mass spectrometer and a Waters 2695 Alliance HPLC system with diode array UV detection and Micromass (Manchester, U.K.) ZQ2000 ESI mass spectrometer. Semipreparative HPLC purifications were performed with a Waters 510 pump with refractive index detection. HPLC columns used were Rainin Instruments Dynamax and Waters XTerra. Preliminary 1 H and homonuclear 2D NMR experiments were performed on a 300-MHz Varian Inova spectrometer. NMR spectral data for fine-scale structure determination were acquired on a 500-MHz Varian spectrometer equipped with a nanoprobe, using the following experiments: 1 H, 13 C, gradient heteronuclear single-quantum correlation, gradient heteronuclear multiplebond correlation, gradient COSY, total COSY with 80-msec mix time, total COSY with 60-msec mix time, homonuclear 2D J correlation, and rotating frame Overhauser effect spectroscopy (23) . Additionally, single irradiation nuclear Overhauser effect and long-range COSY experiments were performed on a Bruker DRX 500-MHz NMR spectrometer. NMR spectra were recorded in deuteriochloroform and referenced to internal CHCl 3 ( 1 H ␦ 7.24, 13 C ␦ 77.0). IR spectra were recorded on a PerkinElmer 1600 Series Fourier transform IR system as thin films. UV measurements were made on a Perkin-Elmer Lambda 3B spectrophotometer. Optical rotations were measured by using a Jasco (Tokyo) DIP-360 digital polarimeter with a path length of 10 cm recorded at the sodium D line. The CD spectrum was acquired on a Jasco J720 spectropolarimeter with a path length of 10 mm. High-resolution mass measurements were acquired on a Micromass quadrupole time-of-flight Ultima API mass spectrometer. X-ray data (24) were accessed from the Cambridge Structural Database and analyzed with MERCURY 1.0 software provided by the Cambridge Crystallographic Data Centre (Cambridge, U.K.). Geometry optimization was performed by molecular mechanics calculations using TITAN 6.0.6 (Wavefunction, Irvine, CA).
The Marine Alga L. variegata. The brown alga L. variegata (Dictyotaceae, Phaeophyta) was collected by scuba divers at depths of 6-30 m at several reef locations throughout the Islands of the Bahamas and from the Red Sea near Hurghada, Egypt.** Initial collections were quantified by volumetric displacement of fresh algal tissue in seawater. Subsequent collections were weighed after freeze-drying. Two algal collections were used for bioassayguided fractionation: a combined collection of the common reef form (also called decumbent or shelf form; ref. 25 ) from several sites in the Bahamas (1,100 ml) and a single collection of the same form from Cay Lobos, Bahamas (1,500 ml). Smaller individual collections (including heavily fouled and unfouled plants) were made at multiple locations to measure antifungal activity and for LC-MS analysis.
Bioassays. L. variegata extracts and purified compounds were tested against four ecologically relevant marine microorganisms by using assays designed to provide a realistic approximation of in situ microbial exposure to these materials. In all cases, materials were tested at concentrations that were volumetrically equivalent to those occurring in the algae. For example, the extract obtained from 2 ml of alga was incorporated into 2 ml of media, which was then exposed to a test microorganism. The amount assayed of a pure compound was equal to that obtained from 2 ml of alga.
The two filamentous fungi used in the bioassays were D. salina and L. thalassiae. D. salina, collected in the Bahamas, was used for bioassay-guided fractionation of L. variegata extracts; L. thalassiae, originally collected in Belize, was acquired from the American Type Culture Collection (ATCC 56663). Extracts or compounds were dried under vacuum and then dissolved in 50 l of acetone. Two milliliters of molten medium (16 g͞liter granulated agar, 2 g͞liter yeast extract, 2 g͞liter peptone, 4 g͞liter D-mannitol, 250 mg͞liter of both penicillin G and streptomycin sulfate in 1 liter of natural seawater) was then added to the extract or compound, and the solution was mixed by swirling. For each sample, three 400-l aliquots were dispensed into sterile, 24-well microtiter plates and allowed to solidify. Solventonly control wells were prepared in the same manner. Sections of fungal hyphae (1 mm 2 ) were then cut with a sterile needle from working plates of the test strains and inoculated into the center of each agar-filled well. The 24-well plates were kept at 25°C for 6 days, after which time the area covered by fungal growth was measured under a microscope for each well and compared with fungal coverage on control wells. Percent fungal inhibition is reported as a mean of the three subsamples for each treatment, relative to the mean coverage on three controls. When more than one replicate algal sample was tested against a given fungus, differences between treatments and controls were analyzed by using a one-tailed, paired t test on the means of three subsamples for each replicate (26) . P values Ͻ0.05 were considered significant. Error bars depict Ϯ one standard error. IC 50 values were determined (in triplicate) in a similar manner except 1-ml equivalents were solubilized in acetone and serially diluted 1:1 with sterile seawater to a total volume of 500 l. Five hundred microliters of 2ϫ molten medium was then added to each well, the wells were inoculated, and the dilution at which fungal growth was inhibited by 50% relative to controls was determined.
Assays were also conducted with the bacterium Pseudalteromonas bacteriolytica, with a modified 96-well plate format in which a 48-h shake culture of P. bacteriolytica was diluted 1:160 with media and added to all wells in the plate. Five microliters of test solution (concentrated 40ϫ in DMSO) was added to the top row (final volume 200 l) and serially diluted 1:1 down the plate such that the concentration of test compound in the top row was equivalent to that obtained from 200 l of algal tissue. Gentamicin was used as a standard, and solvent-only wells were run as a control, with bacterial growth assessed turbidimetrically. Assays using the thrausochytrid Schizochitrium aggregatum were performed as described (27) , using cultures originally collected in the Bahamas. Additionally, standard microtiter plate biomedical assays were performed to determine antifungal activity against the pathogenic yeast Candida albicans and cytotoxicity against the human colon tumor cell line HCT-116. Field herbivory assays were conducted at Pickles Reef near Key Largo, FL, as reported (28) , testing pure lobophorolide (1) at 2 ϫ 10 Ϫ4 percent of plant dry weight, using a one-tailed, paired t test to compare consumption rates (26) .
Isolation of Lobophorolide (1) by Bioassay-Guided Fractionation.
Frozen L. variegata was lyophilized and then extracted four times with methanol͞dichloromethane (1:1). Crude extracts were combined, reduced in vacuo, and then subjected to solvent partitioning according to a method modified from Kupchan et al. (29) . Thus, the crude extract was partitioned between hexanes and methanol͞water (9:1), and the latter extract was partitioned between methanol͞water (3:2) and chloroform. The methanol͞ water fraction was further partitioned between ethyl acetate and water, and the latter was then partitioned against n-butanol. The chloroform extract, which possessed the entire antifungal activity, was fractionated by using vacuum LC with reversed-phase silica gel (C 18 ) using a gradient eluent system from methanol͞ water (1:1) to methanol to ethyl acetate. Active fractions, eluted with methanol͞water (4:1 to 9:1), were pooled and then further fractionated by using two rounds of Sephadex LH-20 size exclusion chromatography eluting with methanol. A single active compound was finally purified by HPLC, first using reversedphase HPLC (eluent methanol͞water 9:1) and then multiple rounds of normal-phase HPLC (gradient eluent hexane͞ethyl acetate 1:4 to ethyl acetate). Geographic Distribution of Lobophorolide (1) and Antifungal Activity of L. variegata Extracts. Small quantities (2-400 ml) of L. variegata were collected from all sampling sites to determine whether extracts possessed antifungal activity and lobophorolide (1). Samples were extracted three times with acetone, and the extracts were combined and reduced in vacuo. Activity against D. salina was measured as described above. The remaining material was fractionated by solvent partitioning, then by gradient reversed-phase flash column chromatography (Supelco Envi-18 cartridge), and the antifungal materials that eluted with methanol͞water 9:1 were concentrated. Aliquots were analyzed by reversed-phase LC-MS with a gradient of methanol͞water (0.1% acetic acid) 3:2 to 9:1 over 15 min, monitoring by UV at 262 nm. Six standard solutions of pure 1 (0.003-1.0 g͞ml) were used to establish a standard curve (R 2 ϭ 0.993) for quantification of 1 in extracts by integration of the [MϩNa] ϩ peak at m͞z 789.4. The detection limit was determined to be Ϸ5 ϫ 10 Ϫ6 percent by dry mass.
To test whether lobophorolide (1) could be removed from seaweed surfaces, seaweed samples (2 ml each, n ϭ 7) were shaken with n-hexane for 60 s, and the hexane extract was filtered, dried in vacuo, and subjected to antifungal assaying as described above. The remaining alga was then extracted with acetone as described above and assayed. 13 C NMR spectrum were an ester carbonyl functionality (␦ 168.0) and six olefinic carbons (␦ 117-151), thus, four of the eight unsaturations were from rings. Both UV (262 nm) and IR (1,737 cm Ϫ1 ) absorbances highlighted an ␣,␤,␥,␦-unsaturated carbonyl system. From a total of 12 oxygen atoms, the five O-methyls, two alcohols, and two oxygens of the ester group left the likelihood of three oxygens being present in ether functionalities.
Results and Discussion
Analysis of 1 H, 13 C, and 2D NMR spectral data of lobophorolide (1) allowed all protons and carbons to be related and a planar structure to be proposed (Fig. 1) . Comparison of these NMR features with published data for tolytoxin (2) (30) and swinholide A (3) (31-33) suggested a hybrid structure for 1, consisting of the macrolide portion of 2 and the side chain of 3 (Fig. 1) . Because the NMR data for 1 (this study) and 2 (30) are in close agreement throughout the macrolide portion, we believe that 1 and 2 share the same relative configuration at all stereogenic centers in that region of the molecule. However, we suggest an R configuration at C6 for both 1 and 2 rather than the S configuration proposed for 2 by Carmeli et al. (30) . † † With an optical rotation of [␣] D Ϫ30°, lobophorolide (1) probably has the same absolute stereochemistry as 2 and scytophycin B ([␣] D Ϫ23°and Ϫ38°, respectively), which was determined for scyto- † † The observed 9-Hz pseudo-triplet signal for H6 in 1 and 2 indicated either syn or anti orientations of H6 to both H5 and H7. Scytophycin C (4) is itself achiral at C6, but from its x-ray crystal structure, the pro-S H6 of 4 appears anti to H7, whereas the pro-R H6 is approximately gauche to H7, supporting locating the C6 hydroxyl group of 1 and 2 in place of the pro-R H6 of 4, resulting in an R orientation at C6 in 1 and 2. In this study, nuclear Overhauser effects observed for 1, in particular H6 to H32, H6 to H8a and H8b, H7 to H5 and H9 (see Table 2 ), also favor the R assignment at C6.
phycin B by CD analysis of a synthesized derivative (24) . In this study, CD analysis of 1 showed the same sign ellipticity near its max as 2 and the scytophycin group (24, 30) .
Lobophorolide (1) is almost certainly of polyketide origin, requiring the step-wise biosynthesis of acetyl CoA and 15 units of malonyl CoA, plus five methylations at C2 of acetate and five O-methylations. Carbons 6 and 16 appear to have been oxidized, with all other oxygens originating from C1 of acetate. The isolation of a polycyclic macrolide from L. variegata was surprising, because this class of secondary metabolite has not been previously known to occur in marine macrophytes.
Ecological Function of Lobophorolide (1).
Throughout the bioassayguided fractionation process, only lobophorolide (1) and fractions containing 1 inhibited fungal growth in laboratory assays, suggesting that 1 accounts for all of the antifungal activity in extracts of L. variegata. To date, most seaweed secondary metabolites that possess antimicrobial or antifeedant activities have been isolated at concentrations of 0.1-10% of plant dry mass (34, 35) . In contrast, the natural concentration of 1 was exceedingly low, averaging 1.2 ϫ 10 Ϫ4 percent of plant dry mass. Despite these low levels, 1 showed potent activity at and below its natural concentration against two marine fungi, D. salina and L. thalassiae, isolated from Caribbean waters ( Table 1, Fig. 2 ). D. salina is a globally distributed saprophytic marine fungus that degrades senescent brown and red algal tissue, whereas L. thalassiae is a pathogenic fungus that causes disease in a variety of marine plants but is not known to infect L. variegata (7, 36) . We propose that the presence of 1 acting as a chemical defense may be the reason this seaweed is not known to be susceptible to fungal infection and disease. It is also possible that chemical defenses such as 1 help prevent the degradation of live algal tissue by saprophytic fungi such as D. salina. The biological activity of 1 is highly specific, targeting filamentous fungi while being inactive against the thrausochytrid S. aggregatum and the bacterium P. bacteriolytica, which causes red spot disease in the kelp Laminaria (6) ( Table 1) . Using a standard field assay (28), 1 was also ineffective as a feeding deterrent to herbivorous fishes (amount eaten: control 52 Ϯ 5%, treatment 51 Ϯ 6%; n ϭ 29, P ϭ 0.44).
Despite the prevalence of microbes in the ocean (1) and the devastating nature of pathogen-borne epidemics (9), disease among marine plants appears to be rare (36) , and thus many plants likely possess traits that make them resistant to microbial attack. Nevertheless, few examples of seaweed antimicrobial defenses are known. Jensen et al. (27) found that the seagrass Thalassia testudinum is protected from a zoosporic fungus by a flavone glycoside present at high concentration in seagrass tissues. Halogenated furanones in gland cell vesicles of the red alga Delisea pulchra prevent bacterial colonization and biofilm formation, by inhibiting bacterial quorum sensing (35) . Although defensive properties against bacteria and fungi have been at- tributed to brown algal polyphenolics (phlorotannins) (37), the few tests conducted with purified phlorotannins have not supported this generalization (38) . In this study, phlorotannins isolated from the ethyl acetate and 1-butanol fractions of L. variegata showed no antifungal activity when tested at their natural concentration (2% of plant dry mass), whereas all of the activity in the crude extracts could be attributed to a single compound, lobophorolide (1) . Thus, there is mounting evidence that seaweeds use specific compounds as defenses against harmful microorganisms. It appears that lobophorolide (1) may be found both within the tissues and on the surface of L. variegata. Hexane surface extracts [as in de Nys et al. (39) ] and acetone extracts of algae performed after the hexane treatment both had significant antifungal activity (Fig. 2, HEX and POST-HEX) . Because the hexane solubility of 1 is low [only 10% of 1 could be recovered from coated glass using the surface extraction technique (J.K., data not shown)], there may be a higher concentration of 1 on algal surfaces than the above experiment suggests. Because average whole plant levels of 1 were 3-10 times the concentration required to inhibit D. salina and L. thalassiae (Table 1, Fig. 3) , even a small proportion of 1 on the surface could reduce fungal colonization. Perhaps more importantly, natural concentrations of 1 should prevent the penetration of fungal hyphae into healthy algal tissues and defend damaged tissues from fungal invasion. Because some pathogenic fungi, including L. thalassiae, are believed to attack primarily algal tissues that have already sustained physical damage (36), 1 should provide an effective antifungal defense.
Geographic Variation of Chemical Defenses. Thirty-two Bahamian samples of the common reef form of L. variegata exhibited antifungal activity (Fig. 2 , sum of all Bahamian samples), and the presence of lobophorolide (1) was confirmed in four of the four extracts from this group that were analyzed by LC-MS. LC-MS quantification of 1 in 19 other samples from several locations in the Bahamas indicated that concentrations of 1 varied from below the detection limit of 5 ϫ 10 Ϫ6 percent to 4 ϫ 10 Ϫ4 percent of plant dry mass (Fig. 3) . Overall, from a total of 51 samples collected at 10 Bahamian sites** over 4 years, 46 samples contained detectable, deterrent concentrations 1 (Fig. 3) or showed potent antifungal activity most likely caused by 1 (Fig. 2) .
Extracts of two collections of L. variegata from the Red Sea exhibited antifungal activity (Fig. 2) , but when this activity was pursued by chromatographic separation and LC-MS analysis, 1 was not found and the antifungal activity tracked to a different chromatographic fraction. Thus, although L. variegata from the Red Sea also appears to possess antifungal chemical defenses, the defensive compound(s) is different from that found in Caribbean L. variegata.
Relationship to Other Polyketide Macrolides. Lobophorolide (1) and tolytoxin (2) share a 22-membered cyclic lactone, whose carbon skeleton is also the basis for the 44-membered dimeric cyclic lactone of swinholide A (3) (Fig. 1) . Despite the structural similarities, these compounds and their analogs were isolated from very diverse sources. Cultured terrestrial cyanobacteria of the genera Tolypothrix and Scytonema have been consistent sources of 2 and the scytophycins (30) . Biosynthetic investigations using stable isotope-labeled acetate, glycine, and methionine have supported a cyanobacterial biogenesis for these compounds, with glycine as a starter unit and the successive condensation of 15 acetate units by polyketide biosynthesis (40) . Swinholide A (3) and related compounds have been isolated from marine sponges of the genus Theonella from the Red Sea, Japan, and the tropical Indo-Pacific (e.g., refs. 41 and 42). Because of their structural similarity to 2 and the scytophycins, and because of the presence of large populations of filamentous cyanobacteria in Theonella spp., 3 and related compounds have been hypothesized to be cyanobacterial products (32, 42) . However, Bewley et al. (43) separated sponge, cyanobacterial, and eubacterial cells of Theonella swinhoei and found 3 to be associated with a heterotrophic eubacterial fraction. This association, plus the discovery of tolytoxin-23-acetate from a cephalaspidean mollusk (44) and other macrolides isolated from sea hares and nudibranchs (e.g., ref. 45) , has weakened the assertion that such metabolites are all cyanobacterial in origin. However, in some cases, cyanobacteria are at the base of food webs involving macrolide-containing mollusks, suggesting that cyanobacteria may be the biosynthetic sources of some polyketide macrolides.
Lobophorolide (1) could be the product of a microbial symbiont. Epiphytic bacteria including cyanobacteria were observed by scanning electron and light microscopy and several bacterial strains have been cultured from L. variegata surfaces, although none of these has to date yielded 1 (P.R.J. and T. Mincer, unpublished work). Specimens of L. variegata that were heavily fouled by macroscopic organisms, including algae and hydroids, and other specimens only lightly fouled all had significant antifungal activities, suggesting that 1 is not associated with the epiphyte community (Fig. 2) . However, because of the low yield of 1, its structural similarity to microbial metabolites, and the fact that polyketides of this type are unprecedented from macroalgae, a microbial origin warrants further exploration. Recently, genetic sequencing revealed that a beetle chemical defense is produced by a symbiotic bacterium, using mixed polyketide and nonribosomal peptide biosynthesis, implying probable bacterial origins of closely related polyketides from marine sponges (46) . Although examples are rare (e.g., ref. 18), symbionts may be an important source of antimicrobial chemical defenses for plants and animals. Regardless of its origin, 1 appears to fulfill an important ecological function as an antifungal defense for Caribbean L. variegata.
Other Biological Activities of Lobophorolide (1). Lobophorolide (1) was active in biomedical screens ( Table 1 ). The potency of 1 against C. albicans was similar to that of the swinholides (47) but less than that of tolytoxin (2) (48). The antineoplastic (anticancer) activity of 1 was of a similar magnitude to the swinholide and tolytoxin͞scytophycin classes of compounds (41, 48, 49) , although this comparison is potentially confounded by the use of different human cancer cell lines. The tolytoxin͞scytophycin group inhibits actin polymerization (50, 51) , and because of the structural similarity of 1 and 2, it is possible that 1 acts by a similar mechanism. Although L. variegata has been the subject of several earlier chemical studies, 1 was not previously discov- (Table 1) correspond to 1 ϫ 10 Ϫ5 percent and 4 ϫ 10 Ϫ5 percent of plant dry mass, respectively. ered, possibly because of its low natural concentration and specific biological activity. Ecologically driven studies, such as this one, which used pathogenic and saprophytic marine fungi in operationally simple assays, may be a promising strategy for uncovering novel natural products of commercial interest.
Conclusions
It is likely that many marine plants use chemical defenses against microbial pathogens, epiphytes, and saprophytes, but this hypothesis has rarely been tested. Lobophorolide (1), a polycyclic macrolide with sub-M antifungal activity, appears to function as an antifungal chemical defense, protecting L. variegata from at least one pathogenic (L. thalassiae) and one saprophytic fungus (D. salina), while being inactive against a thrausochytrid fungus, a pathogenic bacterium, and herbivorous fishes. The structural similarity of 1 to bacterial metabolites suggests that 1 could be the product of a microbial symbiont of L. variegata, although no such symbiont has yet been identified. The specific association between 1 and Bahamian L. variegata provides an example of an abundant and broadly distributed seaweed that uses a targeted chemical strategy to prevent fungal attack. Further investigations of chemically mediated interactions between marine microbes and macroorganisms are likely to reveal novel molecules and mechanisms that enable marine plants and animals to persist despite intense microbial challenge.
